In this pilot study, we describe a high-pressure incubation system allowing multiple subsampling of a pressurized culture without decompression. The system was tested using one piezophilic (Photobacterium profundum), one piezotolerant (Colwellia maris) bacterial strain and a decompressed sample from the Mediterranean deep sea (3044 m) determining bacterial community composition, protein production (BPP) and cell multiplication rates (BCM) up to 27 MPa. The results showed elevation of BPP at high pressure was by a factor of 1.5 ± 1.4 and 3.9 ± 2.3 for P. profundum and C. maris, respectively, compared to ambient-pressure treatments and by a factor of 6.9 ± 3.8 fold in the field samples. In P. profundum and C. maris, BCM at high pressure was elevated (3.1 ± 1.5 and 2.9 ± 1.7 fold, respectively) compared to the ambient-pressure treatments. After 3 days of incubation at 27 MPa, the natural bacterial deep-sea community was dominated by one phylum of the genus Exiguobacterium, indicating the rapid selection of piezotolerant bacteria. In future studies, our novel incubation system could be part of an isopiestic pressure chain, allowing more accurate measurement of bacterial activity rates which is important both for modeling and for predicting the efficiency of the oceanic carbon pump.
INTRODUCTION
The deep sea, defined as waters and sediments beneath 1000 m depth, is the Earth's largest ecosystem, representing 65% of the planet's surface and encompassing 88% of the global biosphere (Jannasch and Taylor 1984) . The ocean has an average depth of 3800 m and thus an average pressure of 38 MPa (Herring and Clarke 1971) . Other high-pressure environments include deep lakes, aquatic systems beneath the Greenlandic and Antarctic ice shields and the deep subsurface regions. However, only 5% of the ocean has been explored using remote instruments and less than 0.01% has been sampled and studied (Ramirez-Llodra et al. 2010a) .
The physiological adaptability of microorganisms is astonishing and it allows for their survival and proliferation under extreme environmental conditions. Microorganisms living in high-pressure environments have developed mechanisms to overcome pressure effects on protein-protein (shown in vitro by Silva and Weber 1993) and protein-DNA (Chilukuri and Bartlett 1997) interactions as well as essential cellular processes such as replication and translation (demonstrated in vivo Welch et al. 1993; Ishii et al. 2005) .
Adaptation to high hydrostatic pressure, formerly called barophily but now referred to as piezophily (Yayanos 1995) , is applied to microorganism which reproduce preferentially or exclusively at pressures greater than atmospheric pressure (>0.1 MPa). Obligate piezophilic microorganisms cannot grow and reproduce at pressure below 10 MPa, while piezotolerant are able to grow at 0.1 MPa up to 50 MPa (e.g. Fang, Li and Bazylinski 2010) . Most of the time, it involves the accumulation of monounsaturated and polyunsaturated membrane phospholipid fatty acids (octadecenoic acid C18:1, tetradecenoic acid C14:1, eicosapentaenoic acid C20:5ω3 = EPA, docosahexaenoic acid C22:6ω3 = DHA, DeLong and Yayanos 1985; Allen, Facciott and Bartlett 1999; Allen and Bartlett 2002) and the modification of transmembrane proteins including those of the respiratory chain, in which changes in cytochrome composition occur, e.g. expression of the cytochrome bd protein complex of Shewanella benthica only at high pressure (Tamegai, Kato and Horikoshi 1998) , among other cellular modifications.
Microorganisms of the deep-sea play a crucial role in driving the oceanic carbon pump. They form the basis of deepsea food webs by conducting chemosynthesis, serving as food sources and decomposing the organic matter that sinks down through the water column to reach the seafloor, where its energy is released to higher trophic levels via microbial action. Thus, deep-sea microorganisms constitute an important fraction of oceanic and global bacterial production (e.g. Arιstegui et al. 2009 ). Moreover, microorganisms affect the sinking speed and chemical composition of those sinking particles, thereby controlling the biological carbon pump (reviewed in Simon et al. 2002) . Currently available data and estimated vertical fluxes of particulate and dissolved organic carbon (POC and DOC, respectively) indicate a mismatch between carbon inputs and remineralization rates in the dark ocean (waters below 200 m depth), that is, between the heterotrophic remineralization rate in the deep ocean of 11 Pg C yr −1 (IPCC 2001) and the export production rate of 16 Pg C yr −1 (Falkowski, Barber and Smetacek 1998) . This discrepancy needs to be resolved for reliable projections of carbon fluxes. The rates of organic matter remineralization in the deep ocean are most likely higher than previously thought and probably range from 20 to 74 Pg C yr −1 (Del Giorgio and Duarte 2002; Arιstegui, Agustí and Duarte 2003; Arιstegui et al. 2005) . Based on this calculation, prokaryotic activity in the dark ocean must be comparable to that in the epipelagic zone, which would require a much higher carbon flux to the deep ocean than is currently measured. One major bias in determining the remineralization and activity of deep-sea microorganisms and in understanding pressure-regulated metabolic processes of living cells is that pressure effects are usually analyzed at atmospheric pressure, after decompression of the water sample and hence of the microorganisms. Reliable determinations of metabolic flux in the deep sea, however, require direct incubations under the high in situ pressure without previous decompression. Thus, a technical prerequisite is a complete and continuous isopiestic pressure chain that allows for the collection of water samples from the deep sea and measurements of their bacterial activity and community composition at the in situ pressure, without previous decompression. Yet most of the instrumentation currently available for determining bacterial activity under high pressure is limited and therefore so is the related literature (Bartlett 2002 and Tamburini et al. 2013 and references therein) . The use of a deep-ocean sampler connected to a hyperbaric transfer system enabled the transfer of a 150-mL undecompressed sample into a pressurized incubation chamber (Tabor et al. 1981) . In a high-pressure serial sampler mounted to a Seabird CTD carousel (e.g. Tamburini, Garcin and Bianchi 2003) , subsampling of high-pressure bottles was performed through an outlet valve. Incubations could be conducted in bottles preloaded with the tracer solution of interest. Furthermore, isobaric transfer was also possible using a second highpressure bottle and a piloted pressure generator. Overall, with this high-pressure system it was possible to maintain a main culture without scarifying it and transfer a part of it to another high-pressure bottle to do activity measurements using radioactive tracer or substrates for enzyme activity.
An autonomous microbial sampler, used in combination with a manned submersible, remotely operated or autonomous underwater vehicle allows DNA sampling free from exogenous contamination and maintains a constant in situ pressure and temperature (Taylor et al. 2006) . In addition, high-hydraulicpressure and high-gas-pressure bioreactors have been constructed to study microorganisms on the laboratory scale (e.g. Jannasch, Wirsen and Taylor 1976; Jannasch, Wirsen and Doherty 1996; Parkes et al. 2009; Zhang et al. 2010; Imachi et al. 2011) . Grossart and Gust (2009) used a large-scale nontransportable automatic pressure chamber to examine the growth of selected non-piezophilic bacteria from the ocean's surface under high-pressure conditions of up to 40 MPa in the laboratory. Their results revealed alterations in the sizes as well as the absolute and relative abundances of all strains tested in the pressurized treatment.
In this study, by using a pressure chamber similar to that of Grossart and Gust (2009) , but with a smaller incubation volume (1000 mL) and mounted on a movable table that allows its transport, we developed a novel experimental approach for bacterial activity measurements at high pressure. Specifically, we were able to grow bacteria at the in situ pressure and repeatedly withdraw samples from an undivided bacteriological culture inside the pressurized inner chamber. The samples were directly transferred into an activity module without depressurization, which allowed for bacterial production measurements at the in situ pressure using non-toxic stable isotopes. Our experimental design provided an absolutely undisturbed initial culture from which we could determine rates of growth or metabolic transformations. By conducting stable-isotope tracer experiments only on subsamples transferred to the activity module, the culture in the main pressure chamber remained uncontaminated, thus yielding a true time series of data from the original culture. Rather than sacrificing individual high-pressure bottles for each sampling point, we used a second pressurized incubation vessel: the activity module.
The functionality of the module was tested using the known piezophilic bacterial strain Photobacterium profundum DSJ4 with a temperature range of 8-18
• C and a pressure optimum of 10
MPa, and the psychrophilic, piezotolerant strain Colwellia maris with a temperature range of 0-22 • C, a pressure optimum of 0.1
MPa and a pressure range of 0.1-60 MPa. We also included a decompressed water sample from 3044 m depth, collected at Eratosthenes Seamount, located north of Cyprus in the Mediterranean Sea. This water sample had been stored decompressed for 8 months at 4
• C and was used in our study to determine changes in microbial community composition in the presence or absence of pressurization.
Our results showed that rates of bacterial protein production and cell multiplication (BPP and BCM, respectively) were higher in samples incubated at the in situ high pressure (27 MPa) than in decompressed subsamples of the previously pressurized bacteria or in bacteria grown at a constant atmospheric pressure. Moreover, after 3 days of incubation at 27 MPa, the previously decompressed bacterial communities of the Mediterranean Sea sample were dominated by the phylum Firmicutes, genus Exiguobacterium. Both the Shannon-Wiener diversity index (H) and Pielou's evenness (J) showed that the diversity of bacterial species was lower at 27 MPa than at atmospheric pressure.
MATERIALS AND METHODS

Bacterial cultures
Cultures of P. profundum DSJ4 (Nogi, Masui and Kato 1998) and C. maris ABE-1 (Yumoto et al. 1998; Nogi et al. 2004) were purchased from the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany) and originated from isolates obtained from the Japan Trench (Ryukyu Trench and Hokkaido, Abashiri coast, respectively). Photobacterium profundum was grown at 10
• C in Bacto marine broth (Difco 2216, Detroit, MI, USA; Table S1 , Supporting Information). Colwellia maris was grown at 15
• C in PYSE medium (Table S1 , Supporting Information Table S1 , Supporting Information) and stored in the dark at 4
• C for 8 months.
Experimental facility and sampling procedure
The experimental facility consisted of a pressure chamber mounted on a transportable table, a pressure generator and an activity module containing an enclosure with a standard 60-mL syringe with a miniature valve ( Fig. 1 and Figs S1 and S2, Supporting Information). This design allows isobaric seawater samples from selected incubations to be withdrawn from the experimental chamber and subsequently processed in decompressed mode or infused during process studies into other pressurized chambers via locks or valves. The facility has a freshwater path to generate high-pressure conditions (Fig. 1 , indicated by blue color) and a seawater path (Fig. 1, indicated by red-dashed line) . The two paths are incubated under the same pressure through a flexible interface located inside the pressure chamber. The experimental facility comprises three main devices ( Fig. 1; Fig. S1 , Supporting Information), all of which were constructed by Technik Service Meyer (Lindau, Germany) in cooperation with Giselher Gust. (1) A pressure liquid generator containing a maximum of 1 L of freshwater is used to pressurize the pressure chamber and the activity module and to maintain the target pressure of 27 MPa (range 25-27 MPa), which was the highest stable pressure that we were able to produce in this component. (2) The pressure chambers consist of two independent stainless-steel cylinders (height: 595 mm, diameter: 110 mm), each of which can be filled with a maximum of 5.6 L of freshwater. The samples (bacterial strains or seawater) are incubated in flexible microcosms consisting of TPU-polyurethane elastomer bags, (Palm Equipment International, UK) filled with 1.3 L of growth medium or seawater. A new microcosm is used for each run and for the different organisms tested. The pressure variations in the incubation chamber are permanently controlled by a manometer (Fig. S1 , Supporting Information) and adjusted using the pressure liquid generator. (3) The activity module (height: 400 mm, diameter: 50 mm) has a syringe inserted in a preloaded, upright orientation, connected to the seawater path. By flushing all void spaces, the activity module can be filled with pressurized freshwater (Fig. S2 , Supporting Information). Movement of the piston and filling of the syringe to obtain an isobaric experimental volume are allowed by the controlled use of the decompressed freshwater exit while the pressure generator is active. Repeated use of the activity module generates a true time series of samples drawn from the experimental bag. Transfer of subsamples to the activity module is essential, because incubation of the main culture with the stable-isotope tracer would alter the natural abundance of particulate organic matter (POM) stable isotopes, which serve as a reference starting value in calculations of uptake rates. With this approach, end-member experiments can be augmented depending on the number of activity modules available and/or the number of pressure chambers.
General sampling procedure
In this study, the experiment was initiated by filling each of the two microcosms bubble-free with ∼1.5 L of the bacterial strains P. profundum and C. maris diluted with their respective growth medium (starting abundance of 300 × 10 6 and 27 × 10 6 cells mL −1 , respectively) or by filling another microcosm with 1.5 L of the Mediterranean deep-sea sample amended with a 1% final volume of marine broth 2216 (Difco) (starting abundance of 4 × 10 6 cells mL −1 ). Tubes from the microcosms were attached to the sampling valve of the lid to enable the removal of decompressed subsamples from the microcosms (Fig. 1a) or the highpressure transfer of compressed subsamples from the microcosm into the syringe inside the activity module (Fig. 1b) . The polyurethane elastomer bags were placed inside the pressure chambers, which were then filled completely with freshwater.
No substantial microbial growth occurred on the walls of the elastomer bags. The pressure chambers were closed with a lid, filled air-tight with water through the bore holes serving as the tube connections and sealed completely using a cap nut. A sampling plug was then screwed to the tube connection. The chambers were pressurized by connecting them to the pressure liquid generator and then compressing the water manually using a hand pump until a pressure of 27 MPa was reached.
As reference cultures at ambient pressure (0.1 MPa), two plexi-glass microcosms (Technik Service A. Meyer, Germany) (1) The pressure liquid generator, containing a maximum of 1 L of freshwater, is used to pressurize both the pressure chamber and the activity module. (2) The pressure chamber, with a maximum volume of 5.16 L, contains the internal microcosm (experimental bag), with a volume of 1 L. Two independent pressure chambers were used during this campaign. (3) A novel activity module houses a syringe containing the stable-isotope tracer used to determine BPP and BCM at the in situ pressure. The module was connected alternating to one of the sampling bags inside the pressure chambers, enabling the transfer of the pressurized sample into the syringe without decompression. The seawater path is indicated in red, the freshwater path in blue. were shaded and filled with the same sample volume and starting cell abundances as described above. Two identical experimental runs of the experiment were performed, in June 2010 and May 2011. In the first run, in which a preliminary test of the experimental set-up and of bacterial performance under high hydrostatic pressure was conducted, only basic parameters, such as cell numbers and fatty acid profiles, were determined in the piezophilic bacteria strains (Fig. 2) . In the second run, conducted using the same two bacterial strains along with a deep-sea sample, a broader range of survey parameters was determined, including stable isotope tracer uptake by the three tested assemblages and the fatty acid profile and community composition of the deep-sea sample. Experiments with the different cultures were conducted consecutively, with temperatures varying between 14 and 15
• C during run 1 and 12
• C, and 13
O 2 was measured by means of a microprocessor oximeter (WTW OXY 96, Germany) and was depleted to 5% by day 3 of the incubation. The number of experimental runs and replicate measurements possible in this study were limited due to financial and temporal constraints, such that only two pressure chambers and one activity module for isobaric incubation were available. Furthermore, the two chambers could only be processed consecutively, because the activity module can only be connected to one of the pressure chambers at a time.
Isobaric transfer for bacterial production was done using the activity module (Technik Service Meyer, Lindau Germany). 13 C-leucine (for BPP) and 13 C-thymidine (for BCM) (both from Campro Scientific, Berlin, Germany) were chosen as tracers and their incorporation into biomass was monitored at the start of the experiment and after 1, 2 and 3 days of sample incubation. Uptake was determined for (i) reference treatment 1, using 0.1-MPa-incubated bacteria and based on BPP and BCM measurements at 0.1 MPa; (ii) decompressed-pressure treatment 2, using 27-MPa-incubated bacteria and based on BPP and BCM measurements at 0.1 MPa; and (iii) high-pressure treatment 3, using 27-MPa-incubated bacteria and measuring BPP and BCM at 27 MPa. Prior to the start of the incubation, a syringe (Omnifix, Braun) with a 60-mL maximum volume was spiked with 120 μL of the 13 C-leucine or 13 C-thymidine tracer solution (4 nM final concentration in a 50-mL sample, see below) and inserted into the interior of the activity module ( Fig. S2 , Supporting Information), while ensuring that no air was present inside the syringe. After closing of the module, the incubation was started by applying pressure (27 MPa) and then transferring a subsample from the sampling bag into the syringe via the filling valve, without a loss of pressure ( Fig. 1 ). Before the subsample was transferred, the supply tubes of the activity module were flushed by transferring a small amount of subsample (max. 5 mL) from the sample bag to the activity module (removal via the flushing valve and flushing plug) ( Fig. 1c ; Figs S1 and S2, Supporting Information). Subsequently, the flushing/filling valve was set to filling mode and a 50-mL subsample was withdrawn from the experimental bag directly into the syringe ( Fig. 1d ; Figs S1 and S2, Supporting Information). This step was the most critical part of the activity measurement under in situ pressure and it was only successful as long as no air remained inside the tubes, the activity module and the syringe. Otherwise, incomplete filling of the syringe or tilting and damaging of the syringe occurred. The subsample and tracer were incubated in the pressurized activity module for 1.5 h. Spiking with each of the two tracer solutions and the establishment of the two pressure chambers were carried out sequentially and after all connections had been flushed with distilled water. Three different subsamples were incubated simultaneously: (1) a decompressed subsample from the reference treatment (treatment 1), (2) a decompressed subsample from the pressure chamber (treatment 2) and (3) a decompressed subsample from the pressure chamber but incubated isobarically inside the activity module (treatment 3). At the end of the incubation, the activity module was disconnected from the pressure liquid generator and the pressure chamber; the syringe was retrieved after decompression of the module via the decompression valve (Fig. S2 , Supporting Information). Both the subsample inside the syringe and all other subsamples were immediately filtered onto pre-combusted 0.2-μm pore size silver filters (P/N 45336, Sterlitech, Kent, USA) for BPP and BCM determinations. Silver filters were washed with non-labeled growth medium. All filters were kept frozen until further analysis.
Cell counts
Bacteria were counted using a flow cytometer (Facs Calibur, Becton Dickinson), following the method of Gasol and del Giorgio (2000) . A total of 4-mL samples was preserved with 100 μL of formaldehyde (1% v/v final concentration), shock frozen in liquid nitrogen and stored at −70 • C until fluorescence-activated cell sorting. A stock solution of SYBR Green (Molecular Probes, Eugene, OR, USA) was prepared by mixing 1 μL of dye with 49 μL of dimethylsulfoxide. A total of 3 μL of potassium citrate solution, 10 μL of the dye stock solution and 10 μL of Fluoresbrite microspheres (Polysciences, Warrington, PA, USA) were added to 300 μL of the thawed sample, which was then incubated for 30 min in complete darkness. The cells were counted at a medium flow rate, and calculations were performed using the software program Cell Quest Pro. The growth rate (μ) was determined by plotting ln transformed cell counts against incubation time, and estimating μ from the slope of linear regression line.
Calculation of bacterial biomass production using stable isotopes as tracers BPP and BCM rates were determined using the 13 C, stable isotopically labeled amino acids leucine and thymidine, respectively. Stable C isotope ratios (δ 13 C-POC) and the POC concentration on the filters were measured by means of flash combustion in a Carlo Erba 1108 elemental analyzer at 1020
• C in a Thermo Finnigan Delta S mass spectrometer. Filters containing particle samples were trimmed, sectioned, and then loaded into tin capsules and pelletized for isotopic analysis. For each sample, δ 13 C was measured and the value corrected against the values obtained from standards with mass-balancedefined N and C elemental and isotopic compositions (International Atomic Energy Agency IAEA: IAEA-N1, IAEA-N2, NBS 22 and IAEA-CH-6). Carbon isotope ratios were expressed using the delta notation (δ 13 C) relative to Vienna PDB: δ 13 C ( )
The analytical precision for both stable isotope ratios was ± 0.2 . Acetanilide (Merck) was the calibration material for C analysis. Bacterial 13 C incorporation was expressed as specific uptake or excess 13 C above background (Equation 1), as adapted from Dugdale and Wilkerson (1986) :
where V is the specific uptake rate per time (t), A[POC] Bac f and A[POC] Bac 0 are the final and initial atomic enrichments of the bacteria, respectively, and A[DIC] is the atomic enrichment of the inorganic carbon tracer. The total uptake per molar mass (M) at time (t) and for volume (L) is the product of the excess 13 C and the bacterial POC in the experimental bottle, which changed only slightly during the incubation. Peptone with a known stable-isotopic signature and concentration (5 μmol N) was pipetted onto each of the silver membrane filters containing the Mediterranean Sea samples to increase the voltage amplitude and to circumvent the detection limit of the mass spectrometer. Peptone was measured along with the filter in the tin cap. To calculate the isotopic enrichment of the sample, a weighted average was calculated and the peptone signal subtracted.
Phylogenetic analysis
DNA extraction, polymerase chain reaction (PCR) and clone library construction To determine pressure effects on deep-sea community composition, a clone library was constructed using DNA extracted from POM on a filter which has been stored for 4 months at −80
• C.
Filters were taken from the initial water sample of the Mediterranean Sea and the 0.1 and 27 MPa samples (time point zero) and after 3 days of incubation at high pressure. The extraction protocol was as follows: after the filtration of 250 mL of each sample onto 0.2-μm pore size polycarbonate membranes, the filters were stored at −20 • C until used in the extraction. DNA was extracted by following a chloroform-phenol-isoamylalcohol protocol (Zhou, Bruns and Tiedje 1996) . The pellet was dissolved in 40 μL of DNase-free water. PCR amplifications were performed using the universal bacteria primers (341f: 5 -CCT ACG GGA GGC AGC AG-3 ; Muyzer, De Waal and Uitterlinden 1993) and 907r: 5 -CCG TCA ATT CMT GAG TTT-3 (Teske et al. 1996) . The PCR mix contained 0.4 pmol of each primer, 250 μM of each desoxyribonucleotide triphosphate, 3 mM of MgCl 2 , 5 μL of 10 × PCR buffer, 2 μL of bovine serum albumin (20 mg mL −1 ), 1 μL of template DNA and 0.5 U of BIOTAQ Red DNA polymerase (Bioline, Luckenwalde, Germany) in a total volume of 50 μL. The PCR protocol consisted of an initial denaturation step at 95 • C (10 min) and 35 cycles at 95
• C (1 min), 55
• C (1 min), and 72
• C
(1 min) and a final elongation step at 72
• C (10 min). The amplification resulted in a ca. 550-bp gene fragment. A total of 1 μL of the PCR product was ligated into the pGEM-T Easy Vector (Promega, Madison, WI, USA) and cloned in Escherichia coli JM109 cells following the manufacturer's instructions. Over 60 clones from each treatment were screened with the vector primers T7 and SP6 (Promega) in a 50-mL reaction mixture. The PCR protocol consisted of an initial denaturation step at 95
• C (4 min) and 30 cycles at 95
• C (45 s) and 72
• C (1 min) followed by a final elongation step at 72
• C (10 min). PCR products with the expected length were sequenced. Phylogenetic analyses of the partial 16S rRNA gene sequences were performed using the ARB software package (http://www.arb-home.de, April 2014, date last accessed; Ludwig et al. 2004) . The retrieved clone sequences were pre-aligned using the SINA alignment service (http://www.arb-silva.de/aligner, September 2012, date last accessed), imported in a comprehensive 16S ARB database and then corrected manually (treatment 1: 22 clones, treatment 2: 25 clones; start: 28 clones). For the stability of the phylogenetic tree, a backbone tree was calculated with at least 1200 nucleotides, using a maximum-likelihood method (RAxML). Clone sequences were added afterwards to the tree according to maximum parsimony criteria. The provided SAI filter for bacteria was used to exclude highly variable positions. Pyrosequencing data of this study have been submitted for deposition in the NCBI database via the Biosample Submission Portal (http://www.ncbi.nlm.nih.gov/biosample/). An accession number is currently being generated.
Denaturing gradient gel electrophoresis (DGGE)
DGGE was used to compare bacterial diversity in the samples. The reaction mixtures for PCR amplifications used in DGGE contained 1 μL of DNA, 250 μM of each dNTP, 3 mM of MgCl, 2.5 μL of 10 × PCR buffer, 0.5 U of BIOTAQ Red DNA polymerase (Bioline) and 0.4 pmol of primers 341f-gc (Muyzer et al. 1993 ) and 907r (Teske et al. 1996) μL −1 in a total volume of 50 μL. A 40-70% formamide and urea gradient was created using a 7% acrylamide solution. All DGGEs were performed with the PhorU system (Ingeny, Goes, the Netherlands). The gel was stained with 5 μL of SybrGold (1:10,000) in 50 mL of 1 × TAE buffer. Hierarchical cluster analysis (unweighted pair group method with arithmetic mean, UPGMA) of the DGGE banding patterns was performed in GelCompar II (Applied Maths, Sint-MartensLatem, Belgium) using Dice similarity measures.
Fatty acid analysis
Whole-cell fatty acids were extracted from samples collected on a glass-fiber filter (pore size 0.8 μm, Whatman) during the first run for the two tested piezophilic strains and during the second run for the deep-sea sample. Fatty acids were extracted with dichloromethane: methanol (2:1; v:v) and then transesterified into fatty acid methyl esters (FAME) by resuspension of the dried extract in 3 M methanolic HCl (Sigma-Aldrich Chemie, Seelze, Germany) followed by a 20-min incubation at 60
• C. After repeated extraction with isohexane, the sample was identified and quantified by gas chromatography (6890N Network GC System; Agilent Technologies, Waldbronn, Germany) according to Wacker and Weithoff (2009) . A defined concentration of tricosanoic acid methyl ester (23:0ME, Sigma-Aldrich) was used as an internal standard. FAME were detected using a flame ionization detector and quantified by comparison with the internal standard and by using multipoint standard calibration curves determined for each FAME, from mixtures of known composition (Supelco 37 Component FAME mix; Sigma 47885-U, Sigma-Aldrich). FAME from the samples were identified based on the known retention times of the reference substances and the mass spectra, which were recorded using a gas chromatographmass spectrometer (Finnigan MAT GCQ, Bremen, Germany) equipped with a fused-silica capillary column (Agilent Technologies J&W DB-225ms; see Martin-Creuzburg, Sperfeld and Wacker 2009 ). One replicate of the pressure treatment and all of the reference treatments in the deep-sea sample had to be omitted due to contamination of the samples with unknown compounds. Therefore, only the fatty acid composition of the high-pressure treatment of chamber 1 is presented herein.
Statistical analyses
Diversity and similarity analyses The Shannon-Wiener index H was used as the diversity index, calculated as H = − p (i) * ln p (i), where the summation is over all phylotypes i and p (i) is the proportion of clones belonging to phylotype i relative to the sum of all clones. The Pielou evenness index J was calculated as J = H/ln S, where S is the total number of phylotypes (Shannon and Weaver 1949; Pielou 1969 ).
Non-parametric statistics
Student's t-test and the non-parametric Mann-Whitney U-test were applied to determine statistically significant changes in fatty acid concentration and bacterial cell numbers in response to increased pressure. The results were first tested for normality with the Kolmogorov-Smirnov test. Non-parametric statistics were used for statistical analysis when the number of measurements was at, or close to, the lower limit of measurements needed for parametric approaches and/or normality was not achieved (Dytham 1999 ). Mood's median test was used to search for differences between the three treatments concerning BPP and BCM, followed by a MannWhitney U-test to identify significant pairwise differences. All statistical analyses were performed using SPSS v.20.0.
RESULTS
Bacterial isolates
Abundance and production at 0.1 MPa vs 27 MPa P. profundum Bacterial numbers of P. profundum increased exponentially in reference treatment 1 and in the high-pressure treatments in both experimental runs (Fig. 3) . Specifically, the abundance of P. profundum increased from 9.9 × 10 6 to 613 × 10 6 cells mL −1 in the reference of the first run and from 251 ± 7.6 × 10 6 to 1010 ± 161 × 10 6 mL −1 in that of the second run ( Fig. 3a and b) . At high pressure, the abundance of P. profundum increased from 9.9 × 10 6 to 1535 ± 6 × 10 6 cells mL −1 in the first run and from 251 ± 7.6 × 10 6 to 1133 ± 323 × 10 6 cells mL −1 in the second run ( Fig. 3a and b) , but it did not differ significantly from the reference (first run P = 0.286, n = 4, Mann-Whitney U-test and second run P = 0.984, n = 12, Student's t-test). The growth rates calculated for both runs were 1.4 and 0.422 ± 0.002 day −1 in the reference and 1.681 ± 0.001 and 0.497 ± 0.095 day −1 at high pressure. However, growth rates at high pressure were not statistically higher in the first run (P = 0.394, n = 3), but in the second run (and P = 0.003, n = 12, Student's t-test). BPP (based on 13 C leucine) and BCM (based on 13 C thymidine)
were determined only in the second run of the experiment. BPP measured on the sampling days was significantly higher in highpressure treatment 3 (100.81 ± 87.01 μg C L −1 h −1 , growth and activity at 27 MPa, Fig. 4a ) than in either reference treatment 1 (46.76 ± 55.20 μg C L −1 h −1 , growth and activity at 0.1 MPa) or decompressed pressure treatment 2 (0.069 ± 0.0287 μg C L −1 h −1 , growth at 27 MPa, activity at 0.1 MPa) (Mood's median test, P = 0.031, n = 12, Fig. 3a) . A post-hoc analysis revealed significantly higher values in the high pressure than in the reference treatment (P = 0.029, Mann-Whitney U-test, n = 12). The rate of biomass-specific BPP was significantly higher in high-pressure treatment 3 than in reference treatment 1, according to a post-hoc analysis ( Fig. 4d , P = 0.032, Mann-Whitney U-test, n = 12). The large standard deviations were due to the very large differences (up to 100-fold) in the rates determined on individual sampling days.
Differences in BCM between the three treatments were statistically significant according to Mood's median test (P = 0.018, n = 4). Mean values were 23.4 ± 7.4 × 10 6 cells mL −1 h −1 in the reference treatment 1, 24.3 ± 15.1 × 10 6 cells mL
compressed treatment 2 and 89.0 ± 41.0 × 10 6 cells mL
high-pressure treatment 3 (Fig. 4g) . A post-hoc analysis identified significant differences between high-pressure treatment 3 and the reference (P = 0.029, Mann-Whitney U-test, n = 12).
Colwellia maris
Colwellia maris cell numbers in reference treatment 1 (0.1 MPa) increased exponentially, from 35 × 10 6 to 847 ± 387 × 10 6 cells mL −1 during the first run and from 27 ± 0.01 × 10 6 to 550 ± 37 × 10 6 cells mL −1 during the second run ( Fig. 3c and d) . The specific growth rates during the two runs were 1.038 ± 0.158 and 1.007 ± 0.032 day −1 , respectively. In the high-pressure treatments, cell numbers increased from 35 × 10 6 to 1162 ± 0.3 × 10 6 cells mL −1 and from 27 × 10 6 to 666 ± 40 × 10 6 cells mL −1 during experimental runs 1 and 2, respectively ( Fig. 3 c and d ). The growth rates corresponded to 1.162 and 1.215 ± 0.093 day −1 , respectively, and did not deviate significantly from the reference, according to Student's t-test (P = 0.637, n = 4 and P = 0.096, n = 12 for the two runs), nor did bacterial cell numbers (first run P = 0.689, n = 4 and second run P = 0.924, n = 12, Student's t-test). BPP differed between high-pressure treatment 3 (74.2 ± 76.5 μg C L −1 h −1 ) and the reference run (3.8 ± 5.0 μg C L −1 h −1 ), as well as treatment 2 (20.7 ± 25.5 μg C L −1 h −1 ), but, because of the low sampling numbers, the differences were not statistically significant according to Mood's median test or the Mann-Whitney U-test (Fig. 4b) . Mean biomass-specific BPP was higher in high-pressure treatment 3 than in either decompressed pressure treatment 2 or reference treatment 1 (Fig. 4e) . The differences between the high-pressure treatments and the reference were statistically significant, as determined in a post-hoc analysis (P = 0.013, Mann-Whitney U-test, n = 12).
Mean BCM rates in the three treatments did not statistically differ according to Mood's median test and the Mann-Whitney U-test (7.3 ± 5.8 × 10 6 cells mL −1 h −1 vs 8.9 ± 10.3 × 10 6 cells mL −1 h −1 and 23.5 ± 24.5 × 10 6 cells mL −1 h −1 ) (Fig. 4h) .
Fatty acid concentration
The between-treatment differences in the total fatty acid concentration of P. profundum were not statistically significant (Table 1) , whereas the concentrations of the fatty acids C16:3, C18:0, C18:2ω6 and C20:4ω6 were significantly higher in the highpressure treatment than in the reference treatment (P ≤ 0.05, n = 4, Student's t-test, Table S2 , Supporting Information). Three fatty acids (C14:1, C18:3ω3 and C20:4ω6) were not detectable in the reference but were present in significant (P ≤ 0.05, n = 4, Student's t-test) amounts in the high-pressure treatment (Table S2 , Supporting Information). A significant increase in C14:0, C14:1, C15:0, C20:4ω6 and C20:5ω3 and a significant decrease in C16:0 and C18:1ω7 occurred at high pressure (P ≤ 0.05, n = 4, Student's t-test; Table S2 , Supporting Information). Also at high pressure, the relative contribution of monounsaturated fatty acids (MUFA) decreased (P ≤ 0.05, n = 4, Student's t-test) while that of long-chain polyunsaturated fatty acids (PUFA) increased (P ≤ 0.05, n = 4, Student's t-test).
Deep-sea population of the Mediterranean Sea
Bacterial abundance and production at 0.1 MPa vs 27 MPa In the field sample collected at the Eratosthenes Seamount in the Mediterranean Sea, cell abundance increased exponentially in the reference and in the high-pressure treatments: from 4.4 ± 0.1 × 10 6 to 301 ± 21 × 10 6 cells mL −1 and from 4.4 ± 0.1 × 10 6 to 83 ± 10 × 10 6 cells mL −1 , respectively (Fig. 3e ). Bacterial growth rates were statistically higher in the reference than in the highpressure treatments (μ = 1.535 ± 0.001 and 1.012 ± 0.105 day −1 , P = 0.020, Student's t-test).
The differences in BPP between the three treatments were statistically significant (P = 0.05, n = 4, Mood's median test), with mean values of 0.047 ± 0.051, 0.203 ± 0.061 and 0.763 ± 1.115 μg C L −1 h −1 , respectively (Fig. 4c) . In a Mann-Whitney Utest, BPP was significantly higher in treatment 2 than in the reference (P = 0.029, n = 4) and marginally significantly higher in treatment 3 than in the reference (P = 0.057, n = 4). Mean biomass-specific BPP was higher in high-pressure treatment 3 than in either decompressed pressure treatment 2 or reference treatment 1 (Fig. 4f) . The differences between the high-pressure treatment and the reference were statistically significant, according to a post-hoc test (P = 0.048, Mann-Whitney U-test, n = 12).
None of the differences in BCM were statistically significant (15.9 ± 22.4 × 10 6 , 6.9 ± 5.2 × 10 6 and 33.5 ± 34.4 × 10 6 cells mL −1 h −1 for treatments 1, 2 and 3, respectively) (Fig. 4i) .
The total fatty acid content of the high-pressure treatment and the unsaturation index are shown in Table 1 , and the individual percentage contributions of the fatty acids in Table S2 (Supporting Information). We were unable to determine a fatty acid profile for the atmospheric pressure treatment.
Community composition at 0.1 MPa vs 27 MPa
Results from the clone library of the Mediterranean Sea samples showed that only a single organism was highly abundant under conditions of high hydrostatic pressure after 3 days of incubation. This organism belonged to the Firmicutes Bacilli group and was classified as Exiguobacterium sp ( Fig. 5; Fig. S3, Supporting Figure 4 . Differences in volumetric (a-c) and biomass-specific BPP(d-f)) and BCM (g-i)) on three sampling days and for three different treatments: treatment 1, reference treatment with incubation at 0.1 MPa (black bars); treatment 2, high-pressure treatment with incubation at 27 MPa and BPP and BCM measurements after decompression at 0.1 MPa (gray bars); and treatment 3, high-pressure treatment with incubation and BPP and BCM measurements at 27 MPa (white bars) for P. profundum (a, d, g), C. maris (b, e, h) , and the Mediterranean deep-sea sample (c, f, i). The left y-axis in Fig. 3 a, b, d represents the values determined on day 1; the right y-axis in Fig. 3 a,  b, d represents the values determined on day 2. Bars represent single replicates. Five replicates were lost in the course of the experimental run (P. profundum, time +1 day, 1 × treatment 1 and C. maris, time + 1 day and + 2 day, 1 × treatments 1 and 2). Information). An additional clone (1 out of 25 analyzed clones) was affiliated with the Oceanospirillales-Alcanivoracaceae Alcanivorax group. Although no clones of Exiguobacterium were detected at the start of the experiment, a few (7 out of 28) were present in reference treatment 1 (0.1 MPa). Clones of the starting sample and in treatment 1 after 3 days of incubation could mainly be assigned to Gammaproteobacteria (Oceanospirillales), Enterobacteriales (reference only), Caulobacteriales and Rhodobacteriales (Fig. 5) . The Shannon-Wiener (H) and Pielou (J) indices in highpressure treatment 2 were 0.55 and 0.41, respectively. Both values were lower (0.64 and 0.92) than those of reference treatment 1 and the starting sample (0.99 and 0.72). This difference suggested that the diversity of bacterial species in the decompressed deep-sea seawater sample was higher when the cells were grown at high pressure.
DISCUSSION
Performance of the experimental set-up and device
The construction and operation of the pressurized activity module are user friendly in terms of operating. The whole set-up, including the pressure chambers and pressure liquid generator, is easy to operate, transportable and small enough to fit through the door of temperature-controlled rooms such as on a research vessel or in a land-based laboratory; submersion into a temperature-controlled water bath is also possible. Despite the use of the module at fairly high pressures, the lack of a gas phase eliminates the need for cumbersome safety measures and precautions. The system can be applied to study psychrophilic microorganisms, as long as the complete set-up is transferred to a climate-controlled area. To study thermophilic microorganisms, adjustments have to be done to the chamber to be able to heat Table 1 . Percentage of SFA, MUFA and PUFA in the two tested piezophilic strains and the Mediterranean deep-sea sample after 3 days of incubation according to reference treatment 1 and high-pressure treatment 2 (0.1 and 27 MPa, respectively) during run 1 for P. profundum and C. maris and run 2 for the Mediterranean Sea sample. For a detailed fatty acid profile, see Table S2 (Supporting Information).
Photobacterium profundum
Colwellia maris Mediterranean Sea , 16:3, 16:4, f UFA, including MUFA and short-and long-chain PUFA. g The unsaturation index was calculated as the sum of the mean percentages (by weight) of the UFA species multiplied by the number of double bonds (DeLong and Yayanos 1986).
each chamber without putting them into a climate-controlled room. In experiments simulating the pressure conditions of the ocean, the control of pressure, leakage and temperature is essential. In this experiment, a pressure manometer in the seawater line showed that the selected pressure values remained stable. Leakage-related outputs would have been evident by a steady decline in pressure. Subsamples incubated at the in situ pressure were transferred successfully into the module for tracer labeling, thus avoiding decompression and ensuring an isopiestic pressure chain. The microcosm was not contaminated with labeled isotopes, which is important especially when stable-isotope tracers are used.
One drawback of the system until now is the incapacity of undecompressed sampling at sea which nevertheless is being currently designed. The decompression step after sampling in our Mediterranean Sea sample taken at 3044 m depth and the subsequent period until recompression in our lab might have provoked a pre-selection of bacterial strains during storage. Nevertheless, the low activity in the deep-sea samples could be reconstituted after re-pressurization. During their long-term decompression, the cells were in a dormant state, which was partially reversible when they were returned to the highpressure characteristics of their native habitat.
The performance of piezophilic and piezotolerant bacterial strains under high hydrostatic pressure was tested in our experimental system. Firstly, commercially available deep-sea bacteria were processed, because we expected differences in protein production and cell multiplication which would be clearly distinguishable in the relatively dense bacterial cultures. In a second step, we used the set-up to elucidate the response of a natural, but previously decompressed deep-sea bacterial community.
Response of bacterial isolates to high hydrostatic pressure
The protein production rates of the pressure-tolerant and piezophilic bacteria in our study were significantly higher (by a factor of 1.5 ± 1.4 in P. profundum and 3.9 ± 2.3 in C. maris) than those of the previously decompressed subsamples when incubation and tracer uptake were performed at high hydrostatic pressure (27 MPa). Bacterial growth in the piezophilic strain P. profundum was significantly higher at increased hydrostatic pressure in the second run of the experiment, but not different in either run in the piezotolerant C. maris. Also, BCM increased by a factor of 3.1 ± 1.5 and 2.9 ± 1.7 in the two strains, respectively. The higher activity of indigenous deep-water microbial communities under pressurized conditions than under atmospheric pressures has long been recognized from the experiments of ZoBell and coworkers (e.g. ZoBell and Johnson 1949; ZoBell and Oppenheimer 1950) .
The average amount of protein produced per new cell in the high-pressure treatment was 7 fg for P. profundum and 8 fg for C. maris. These rates are at the high end for bacterial production by natural communities in coastal waters (Grossart, Hietanen and Ploug 2003) . In addition, cell size gradually increased in the high-pressure treatment (data not shown), resulting in higher protein production per cell and a lower cell multiplication rate. This decoupling of protein production per cell from cell multiplication also occurs in bacterial communities in the coastal ocean (e.g. Ducklow and Hill 1985) and can be expected from bacterial cultures during growth under near-optimum conditions. Higher protein production rates in piezophilic autochthonous bacteria might result from the retention of functional activity at high pressure by the respective enzymes, which in turn may involve conformational changes (Miller et al. 1988 (Miller et al. , 1989 Hei and Clark 1994; Michels and Clark 1997) . Pressure-induced enzymatic adaptations may serve as the physiological basis for bacterial piezosensitivity, piezotolerance and/or piezophilicity. Adaptation may also involve alterations in the intrinsic volumes of proteins during function-related changes in their structures or during subunit assembly or in response to modulations in water structure during biochemical processes (reviewed by Siebenaller and Somero 1989) .
A transcriptional profile of P. profundum SS9 showed that growth under high pressure is accompanied by changes in transporter proteins, which are up-or downregulated in response to increasing hydrostatic pressure (Vezzi et al. 2005) . Whether protein structure is altered to reduce the activation volume of the transport process is unclear. A greater compression of proteins in the folded state can be achieved by changes in amino acid composition that lead to a reduction in glycine and proline, as shown in Shewanella (Chilukuri and Bartlett 1997) . Protein function under high-pressure conditions is also thought to be sustained by the accumulation of protein-stabilizing solutes, or 'piezolytes' (Martin, Bartlett and Roberts 2002) . A stabilization of ribosomal structure by sequence extensions in the loops of 16S rRNA (Lauro et al. 2007 ) and the adoption of filamentous cell morphology by some species of bacteria when grown at pressures below or above their pressure optima also have been reported (Jannasch 1987; Yayanos and DeLong 1987; Bidle, Kastner and Bartlett 1999; Ishii et al. 2004) .
One of the most subtle adaptations of deep-sea bacteria that allow them to withstand high hydrostatic pressure is the adjustment of their PUFA composition. Most of the isolates of deepsea bacteria, e.g. those of the genera Colwellia and Shewanella, synthesize PUFAs as the major component of their membrane phospholipids (Methe et al. 2005; Hau and Gralnick 2007) . PUFAs such as eicosapentaenoic acid (EPA C20:5ω3) and docosahexaenoic acid (DHA C22:6ω3) can significantly alter membrane properties, including membrane fluidity, permeability and sensitivity to exogenous oxidants (reviewed in, e.g. Bartlett 2002 and Tamburini et al. 2013) . In our study, EPA levels were elevated at high pressure in C. maris, while DHA was not identified in any of our treatments. Moreover, myristoleic acid (C14:1) and the PUFAs α-linolenic acid (18:3ω3) and arachidonic acid (C20:4ω6) were present only at high pressure. Yumoto et al. (1998) published a fatty acid profile of C. maris maintained at an atmospheric pressure of 0.1 MPa. The major components were palmitic acid (16:0), palmitoleic acid (C16:1ω7), hexadecenoic acid (C16:1ω9), margaric acid (C17:0), vaccenic acid (C18:1ω7) and oleic acid (C18:1ω9). However, to our knowledge, a fatty acid profile for this strain under high-pressure conditions has yet to be published.
The high-pressure growth of P. profundum reportedly requires MUFA such as palmitoleic acid (C16:1), oleic acid or cis-vaccenic acid (both 18:1), but not EPA, as reported by Allen, Facciott and Bartlett (1999) . By contrast, according to our findings, the bacterium expressed higher amounts of the PUFA hexadecatrienoic acid (C16:3), linoleic acid (C18:2ω6) and arachidonic acid (C20:4ω6) at high pressure. The fatty acid profile obtained in our study, in which the major contributing fatty acids were palmitic acid, palmitoleic acid, EPA and oleic acid, was in agreement with that of Nogi, Masui and Kato (1998) .
In our study, the overall contribution of MUFA decreased and that of PUFA increased in the piezophilic and piezotolerant bacteria at high versus atmospheric pressure. In C. maris, this trend was statistically significant. In general, two counteracting processes are involved in creating the distinct fatty acid profiles in piezophilic bacteria. Elevations in PUFA optimize membrane fluidity, while larger amounts of saturated fatty acids (SFA) promote the formation of a bilayer that has a high phase transition and low permeability. Increased proportions of membrane unsaturated fatty acids (UFA) seem to be a prerequisite for bacterial adaptation to low temperatures and/or high pressure (Allen, Facciott and Bartlett 1999) . In our study, the ratio of UFA versus SFA was high in both isolates (P. profundum and C. maris) and the unsaturation index increased at higher pressure. A high degree of unsaturation allows a membrane to retain a low gel to liquidcrystalline transition temperature, such that it remains fluid even under high pressure or at low temperature (DeLong and Yayanos 1985) . The potentially critical nature of the UFA content could also be related to specific interactions of membrane proteins, which, if disrupted, result in altered growth at elevated pressure and/or reduced temperature. In the absence of detailed physiological and genetic experiments, we can only speculate on the adaptive role of UFA in maintaining the functionalities of bacterial membranes at high pressure and/or low temperature. Nevertheless, high pressure may have had the same effect on bacterial cells as previously demonstrated for phytoplankton, which under environmental stress tend to increase their cell size and their total fatty acid content (Ahlgren, Gustafsson and Boberg 1992; Ahlgren, Zeipel and Gustafsson 1998; Piepho, Arts and Wacker 2012) .
Response of the deep-sea population to hydrostatic pressure BPP determined in the field sample was elevated by a factor 20.8 ± 13.6 during incubations at high hydrostatic pressure (27 MPa) compared to 0.1 MPa, which emphasizes the importance of conducting tracer incubation experiments at the in situ high hydrostatic pressure. On the other hand, cell numbers and growth rate were higher at atmospheric pressure. This contrasting pattern might result from a methodological bias of cell enumeration by flow cytometry. Cell growth was probably underestimated, because cells at high pressure tended to elongate and displayed incomplete cell separation. Protein production in turn was determined using stable isotope uptake and displayed higher activity enzymes at high hydrostatic pressures. This higher protein production rates might originate from piezophilic or piezotolerant bacteria (in our study assigned to Exiguobacterium, see paragraph below) and the retention of functional enzyme activity at high pressure, which may involve conformational changes (Miller et al. 1988 (Miller et al. , 1989 Hei and Clark 1994; Michels and Clark 1997) , alterations in the intrinsic volumes of proteins during function-related changes in structures or during subunit assembly or in response to modulations in water structure during biochemical processes (reviewed by Siebenaller and Somero 1989) .
Indeed, bacterial production rates in the deep sea have been mainly derived from incubations of decompressed samples (Picard and Daniel 2013) , with relatively few rate determinations at in situ pressures (around 70 samples undecompressed in the worldwide Ocean, recently reviewed by Tamburini et al. (2013) . Bianchi and Garcin (1993) compared the rates of 14 Cglucose incorporation by deep-sea and surface-water bacteria from the oligotrophic Mediterranean Sea after decompressing the samples from 11 to 0.1 MPa and upon recompression to 11 MPa. They were able to demonstrate that the 14 C-glucose uptake rates of the decompressed samples underestimated the actual rates and that the discrepancy became even larger when the decompressed samples were recompressed to the in situ pressure (11 MPa). reported a 3.5-fold increase in glucose uptake and bacterial secondary production (measured by means of 3 H-thymidine incorporation) at high hydrostatic pressure relative to decompressed samples. On the other hand, they suggested that the metabolic activity of surface-borne bacteria decreased as the cells were carried down by particle sedimentation or by a cascading seawater mass. Tamburini, Garcin and Bianchi (2003) calculated the metabolic rates of deep-sea bacterioplankton from the Mediterranean Sea incubated at high hydrostatic in situ pressure; those rates were, on average, 4.5 ± 4.5 times higher than the rates of the decompressed samples. By contrast, both Yayanos and DeLong (1987) and Deming et al. (1988) found that cell division rates of obligatory piezophilic bacterial strains cultivated under copiotrophic conditions were not affected by compression and decompression steps. Nevertheless, the general importance of in situ pressure conditions along with temperature and nutrient concentrations is well acknowledged in the literature. Tamburini et al. (2013) pointed out that the majority of studies published so far indicate bacterial adaptation to pressure and a piezophily of deep-sea organisms, resulting in greatly underestimated bacterial activity in previously decompressed samples. In the same study, the authors applied a Pe value (ratio between activities obtained under high-pressure and under decompressed conditions) to 312 published values; in 80.8% (n = 252) the ratio was >1, indicating piezophily whereas in the remaining 19.2% (n = 60) the ratio was <1. While piezophily suggests an underestimation of actual bacterial productivity rates, piezosensitivity may lead to an overestimation if the sample was incubated after decompression.
In our study, almost all Pe ratios were >1, indicating piezophily in the previously decompressed Mediterranean Sea samples. Only field samples grown at 27 MPa and decompressed for BCM measurement exhibited piezosensitivity. This may have been related to the effects of the long-term storage of our deepsea sample at atmospheric pressure, which would have favored piezosensitive bacteria.
Piezosensitivity occurs when surface-derived allochthonous prokaryotes are rapidly transported downwards from the sea surface via sinking particles, deep-migrating zooplankton or other mechanisms. This effect was simulated in a study by Grossart and Gust (2009) , who exposed a collection of five species of surface bacteria to a gradual increase in hydrostatic pressure, ranging from 0.1 to 40 MPa, at a speed of 10 MPa per day for 4 days and then incubated the cells for another 3 days at 40 MPa. Although this assemblage of surface bacteria showed an overall reduction in cell number, the pressure response varied greatly among the selected strains. It is assumed that the metabolic activity of bacterial communities from the sea surface decreases with depth (Turley 1993; Turley, Lochte and Lampitt 1995; Tamburini et al. 2006) and that these communities are completely inactive under conditions of low temperature and high pressure in the deep sea. Nonetheless, they may still become dominant and metabolically active when shifted to atmospheric pressure, as was the case in our study: In our decompressed Mediterranean sample collected at 3044 m depth and incubated at 0.1 MPa, cell numbers increased exponentially (μ = 1.532 ± 0.002 day −1 ), suggesting that these bacteria grew better at atmospheric pressure, i.e. they were piezosensitive. Piezosensitivity may also explain the lower cell number; however, bacterial growth was still detectable, occurring at a rate of 1.045 ± 0.002 day −1 , which indicated the presence and growth of piezophilic strains. In our experiments, bacterial cells tended to be elongated at high pressure, but neither cell aggregation nor growth on the inner surfaces of the microcosm bag was evident. Based on our BPP and BCM data, the Mediterranean Sea sample taken at 3044 m depth consisted of a consortium of piezophilic, piezotolerant and piezosensitive bacterial strains. A biphasic response in bacterial biomass production was detectable, with a clear elevation of BPP at high pressure (indicative of piezophilic strains) but higher bacterial growth, based on cell numbers and BCM, at atmospheric pressure (indicative of piezosensitive bacteria). As suggested above, the presence of piezosensitive bacteria in our deep-sea sample would have been favored by storing the sample at atmospheric pressure prior to the experiment.
The fatty acid profile of the field sample determined for the high-pressure treatment had an unsaturation index comparable to that of piezotolerant C. maris when incubated at 0.1 MPa. Further discussion of these values is not possible because of the lack of replicates and the non-analyzable reference sample.
A clone library was constructed for the Mediterranean deepsea sample using the initial sample (main culture from time point zero, before starting the experiment) and the incubations at 0.1 and 27 MPa after 3 days of incubation. Decompression of the deep-sea sample, however, already took place during the CTD cast and atmospheric pressure persisted for an extended time during sample storage. Therefore, loss of obligate piezophiles and/or non-copiotrophs cannot be dismissed, particularly when the storage conditions are taken into account. Our results indicate that piezophilic and piezosensitive bacterial strains were present in the initial sample, evidenced by the two distinct bacterial communities in the two pressure treatments. In the high-pressure treatment, the phylum belonging to the Firmicutes Bacilli group and classified as Exiguobacterium sp became dominant. This clone was not detectable in the initial sample and was minimally present in reference treatment 1, but it dominated at high pressure. The other clone detected at high pressure was classified within the Oceanospirillales, Alcanivoracaceae Alcanivorax group. The genus Exiguobacterium encompasses psychrotrophic, mesophilic, and moderate thermophilic species and strains (Vishnivetskaya, Kathariou and Tiedje 2009 and references therein) . Exiguobacterium sp was first described by Crapart et al. (2007) as a facultatively anaerobic, halotolerant, moderately thermophilic strain (growth range: 12-49
• C) isolated from deep-sea hydrothermal vent samples collected at the East Pacific Rise at 2600 m depth. This species had not been reported from the Mediterranean Sea. Since we limited our study to universal bacteria primers, we were unable to detect changes in the diversity of the archaeal community. However, Archaea comprise a substantial fraction of deep-sea bacterial communities (e.g. Herndl et al. 2005) and merit investigation in future pressure studies.
CONCLUSION
Our exploratory study supports further use of our experimental method and its instrumentation. With this set-up, we were able to demonstrate a substantial increase in bacterial production, especially by piezophilic bacteria, at high in situ pressure. Our results suggest that most of the reported protein production rates of deep-sea bacteria have been substantially underestimated.
The sizes of the fractions of piezophilic, piezotolerant and piezosensitive bacteria in the deep sea are largely unknown (Tamburini et al. 2013 ) but their determination is essential to shed light on the imbalance between microbial carbon demand and sinking flux in the deep sea (Burd et al. 2010) . A sensitivity analysis demonstrated that bacterial growth efficiencies and assumed cell carbon contents have the greatest effects on the magnitude of the carbon imbalance (Burd et al. 2010) . If the fraction of piezophilic bacteria is dominant, prokaryotic activity in the dark ocean is comparable to that in the epipelagic zone, which would require a much higher carbon flux to the deep ocean and a higher bacterial carbon demand than is currently measured and assumed.
Nevertheless, the imbalance can be corrected by other potential sources of carbon transport in the deep sea, such as lateral advection or food resources, neither of which has been adequately considered (Burd et al. 2010) , as well as buoyant particles and chemolithoautotrophy (Herndl and Reinthaler 2013) . But even if these terms are included in the mass-balance calculation, the metabolic demand of the heterotrophic community would still exceed the sinking flux if corrected for measurements at the in situ pressure, and the imbalance would therefore remain.
Knowledge of deep-sea biogeochemical cycles, including community activity and composition, is essential for accurate prediction of the impact of climate change on the world's oceans. An understanding of the efficiency of the carbon pump at altered remineralization depths associated with altered temperature and stratification is of pivotal importance in elucidating ocean biogeochemical cycles.
